Analysis of the monthly NCEP-NCAR reanalysis data and station data reveals a teleconnection pattern (NAULEA) that links climate changes over the North Atlantic and Eurasia. The NAULEA pattern has five action centers. It extends from the North Atlantic to northwestern Europe, and then stretches eastward to the Urals, with its eastern end over North China. Certain climate changes over East Asia, such as the cooling changes in both the upper troposphere and surface in the last few decades of the twentieth century, can be attributed to the NAULEA pattern anomalies and traced upstream to the North Atlantic. The NAULEA pattern is suggested to be another NAO-related teleconnection pattern. Compared with the pattern with the Asian jet waveguide path, which leads to temperature anomalies over northeastern Asia, the NAULEA pattern with a high-latitude path exerts stronger influences on the climate of southwestern China.
Introduction
Over the last few decades, the climate of East Asia has experienced significant changes. The surface air temperature of southwestern China has decreased significantly (Li et al. 1995; Hu et al. 2003; Yu and Zhou 2004; Li et al. 2005) , in contrast to the remarkably strong warming over northeastern Eurasia (Houghton et al. 2001) . Yu et al. (2004) found a strong cooling trend in the eastern Asian troposphere during July and August, which is most prominent at 300 hPa. They also suggested that this cooling contributes to the weakening of the East Asia summer monsoon and the "north drought and south flood" rainfall pattern of China. Xin et al. (2006) revealed a notable late spring cooling in the upper troposphere over East Asia and concluded that this cooling change has contributed to deficient rainfall over South China (26°-31°N). Yu and Zhou (2007) analyzed the seasonality and three-dimensional structure of the upper-tropospheric interdecadal cooling over East Asia and their relationship with surface climate change.
As far as the mechanisms for these changes are concerned, many works have ascribed the cooling in southwest China to strengthened radiative effects of aerosols. Based on the analysis of observed data from meteorological stations, Li et al. (1995) suggested that the decrease of surface solar radiation, which is caused by the increase of anthropogenic aerosol backscattering, was a notable reason for the cooling of southwestern China. Qian and Giorgi (2000) addressed that increasing emission of aerosol precursors resulted in negative radiative forcing and surface cooling in southwestern China. Using a global climate model to investigate possible aerosol contributions to regional climate changes, Menon et al. (2002) partly reproduced the cooling trends in China. However, when external forcing agents including sulfate aerosol were prescribed to oceanatmosphere coupled models of the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4), many of them failed in producing the observed cooling downstream of the Tibetan Plateau . A recent climate model simulation suggested that the sulfate aerosol forcing may not be a mechanism responsible for the weakening of East Asian summer monsoon (Li et al. 2007 ).
Besides those aerosol-related regional factors, previous studies have shown evidence that climate anomalies in the extratropical North Atlantic might play an important role in modulating the climate changes in East Asia. Wu and Wang (2002) suggested that the Siberian high and the East Asian winter monsoon can be influenced by the winter Arctic Oscillation (AO). Gong and Ho (2003) showed that a positive AO in late spring can lead to a northward shift of the summertime East Asian jet stream. Changes in the position of the jet stream manipulate the distribution of rainfall over the Yangtze River valley, southern Japan, and southern China. Yang et al. (2004) also addressed that the AO and the North Atlantic Oscillation (NAO) can exert their influences on Asian summer monsoon via modifying the strength and location of the 200-hPa jet stream. Significant correlation has been found between the winter NAO and March temperature in southwestern China. Yu and Zhou (2004) found that positive winter NAO generated signals can extend eastward from the northern African continent to eastern China, leaving behind a cooling belt over subtropical Eurasia. Li et al. (2005) proposed that positive NAO can strengthen the middle troposphere zonal wind and create a favorable environment for generation of thick middle level stratus downstream of the Tibetan Plateau. Strong negative cloud radiative forcing then triggers the cooling in the lower troposphere over southwestern China, which further stimulates the increase of cloud amount. Sung et al. (2006) addressed that there are significant correlations between the December NAO index and the precipitation over East Asia in the subsequent summer.
How do the signals propagate over one-third of the latitude circle? It has been proposed that the jet stream over Asia can work as a waveguide and lead the disturbances from the North Atlantic to East Asia (Branstator 2002; Watanabe 2004) . But, the significant correlation between NAO and temperature changes over southwestern China cannot be well explained by the subtropical jet path theory. This remains an open question. In this study, we present a high-latitude path through which the NAO anomalies can be translated to southwestern China. This high-latitude path can be regarded as another NAO-related teleconnection pattern.
The other parts of the paper are organized as follows. Section 2 describes the datasets. Cooling trends over East Asia are discussed in section 3. Section 4 presents the teleconnection pattern extending from the highlatitude North Atlantic over Eurasia. In section 5, two major patterns of the NAO downstream extension are compared. Our main conclusions are summarized in section 6.
Data description
The monthly surface air temperature data used in this study come from two databases. One is the temperature data of 160 meteorological stations in China. This data was collected and compiled by the China Meteorological Administration and then was interpolated onto a 0.5°latitude by 0.5°longitude grid by averaging the station data with weights proportional to the inverse of the squared distance between the center of the grid box and the stations within a radius of one degree. The other dataset of surface air temperature is the land surface air temperature (LSAT) (Willmott and Robeson 1995) , in which the data were distributed for grids of 0.5°ϫ 0.5°. The radiosonde data at nine stations located in North China are used to show the temperature variation in the upper troposphere. A new radiosonde temperature product of the Hadley Centre (HadAT) (Thorne et al. 2005 ) is also used in this study.
The required atmospheric general circulation data are taken from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996) . The datasets used in this work include geopotential height, temperature, and horizontal velocity. All of these variables are gridded at 2.5°latitude by 2.5°lon-gitude resolution and are available from 1951 to 2000. The 40-yr ECMWF Re-Anlaysis (ERA-40) data (Uppala et al. 2005 ) are also used. The diagnosis results show that the climate characteristics over the key regions derived from these two reanalysis datasets for the period 1958-2000 are consistent. For brevity, only the results derived from the NCEP-NCAR reanalysis data are presented.
Cooling over East Asia and its circulation background
As mentioned in the introduction, a cooling shift over East Asia has led to a series of climatic anomalies. Li et al. (2005) revealed that the strongest cooling downstream of the Tibetan Plateau occurs in March. Figure 1a shows the zonally averaged temperature trend in March over East Asia (100°-120°E). The most prominent center of the linear trend is a cooling area located in the upper troposphere over midlatitudes. In the subtropical region, another significant cooling cen-ter dominates the lower troposphere just east of the Tibetan Plateau. Temperature differences between 1971-90 and 1951-70 (Fig. 1b) show similar patterns, which confirms that significant decadal cooling has taken place over the north of China. Figure 1 also shows that the cooling over southwestern China is not a pure surface signal but, rather, it is a local manifestation of a much bigger picture.
The time series of station-based March surface air 1.34°C. During the same period 300-hPa temperature has experienced a cooling of ϳ2.40°C. Linear trends of these two lines are statistically significant at the 10% level. The strongest cooling occurs in the 1960s and 1970s and the cooling trend levels off since the 1980s. For multidata intercomparison purposes, radiosonde data from nine stations in northern China (dotted line) and observation-based HadAT data (thick solid line) are also shown in Fig. 2 . The observed data and reanalysis data varies coherently.
The relationship between these two cooling centers is investigated. During the last 50 years of the twentieth century, the surface air temperature and uppertropospheric temperature over East Asia are significantly correlated: The correlation coefficient reaches 0.56. After removing the linear trend, they are still significantly correlated with a correlation coefficient of 0.48. The close association between the temperature changes of these two regions indicates that they might share the same mechanism.
Previous studies have stressed the radiative effects of aerosol on the abnormal surface cooling of southwestern China (Li et al. 1995; Luo et al. 1999; Qian and Giorgi 2000; Qian et al. 2003) . These studies focused on the temperature changes near the surface and did not show any evidence that the radiative effects of aerosol might lead to cooling in the upper troposphere and corresponding circulation anomalies. The prominent correlation between the surface and 300-hPa temperature indicates that, besides local radiative factors, shifts of the large-scale circulation also contribute to the decadal climate changes downstream of the Tibetan Plateau. Figure 3 shows the March Northern Hemispheric circulation anomalies associated with surface climate changes in the EPTP. In the upper troposphere, a wave train extends from the North Atlantic to the far end of Eurasia and five centers are identified. Three centers are located over the North Atlantic. The spatial pattern of the northern two centers bears some structural similarity to the NAO, which implies that, during the positive NAO years, surface air temperature over the EPTP tends to be lower than normal. A fourth center in a roughly east-west sequence appears as a strong anomalous anticyclone dominating northern Eurasia. The eastern end of this chain appears as a cyclone over northern China. Strengthened zonal wind south of this East Asian cyclone leads to augmented divergence downstream of the Tibetan Plateau, which favors the formation of middle level stratus. Then a positive feedback between cloud and temperature is triggered, which results in the cooling over southwestern China (Yu and Zhou 2004; Li et al. 2005) . Figure 3 reveals that the surface air temperature changes in EPTP are significantly correlated with hemispheric circulation anomalies and the source of signals is connected to the North Atlantic.
Teleconnection pattern from the North Atlantic to East Asia
The five-core wave train pattern of Fig. 3 indicates a "North Atlantic-Ural-East Asia" (NAULEA) teleconnection, which links climate anomalies of the North Atlantic and East Asia together. Following Wallace and Gutzler (1981) , one-point correlation maps of 250-hPa geopotential height are constructed to verify the structure of the NAULEA teleconnection. On the correlation map based on 65°N, 70°E (Fig. 4a) , a dipole is seen to the west of the base point. One center is located over Europe and the other lies over the midlatitude North Atlantic. Another Atlantic center is located west of North Africa, evidently corresponding with Fig. 3 . Downstream of the base center, there is another region of high correlation over North China. A similar pattern but with opposite sign is identified when the base point shifts to 40°N, 97.5°E (Fig. 4b) . The geographical distribution of the correlation centers further confirms the spatial pattern of NAULEA.
To study the temporal variation of NAULEA, a NAULEA index (NAULEAI) is defined based on the March 250-hPa geopotential height at antinodes of the pattern. The NAULEAI is defined as   FIG. 3 . The 300-hPa March wind fields regressed on surface air temperature area-averaged over the EPTP , with a "Ϫ1" multiplied over the whole field. Regions where U-wind anomalies are statistically significant at the 5% level are shaded.
Thus, when the sign of the NAULEAI is positive, anomalously high (low) 250-hPa height dominates the Ural Mountains (North China). Figure 5 shows the temporal variation of the NAULEAI. A striking upward trend, statistically significant at the 1% level, is identified in the second half of the twentieth century. During the 1950s and 1960s, the NAULEAI is abnormally low but shifts to a positive phase in the mid-1970s. In the late 1980s, the NAULEAI reaches its maximum and then begins to decline. The correlation coefficient between NAULEAI and March NAO index is 0.377 for the period 1951-2006. The NAULEAI is also significantly correlated with the station-based March surface air temperature over the EPTP (R ϭ Ϫ0.67, for the period 1951-2000). After removing the linear trends, the correlation between the NAULEAI and surface air temperature is still statistically significant, having a correlation coefficient of Ϫ0.64.
Based on the NAULEAI, a composite analysis is carried out to investigate the climate anomalies associated with NAULEA. Years in the second half of the twentieth century can be classified into two categories by taking the sign of the NAULEAI into account. Twelve strong positive NAULEA years (normalized NAULEAI Ͼ 0.8) and 12 strong negative NAULEA years (normalized NAULEAI Ͻ Ϫ0.8) are composited. The positive-minus-negative NAULEAI composite maps of the 250-hPa geopotential height and sea level pressure are shown in Figs. 6a and 6b. The most striking feature in the composite upper-tropospheric height field is the five-center wave train extending from the North Atlantic to East Asia. The patterns seen in Fig.  6a are qualitatively similar to those found for the correlation maps in Fig. 4 . A significant "Ϫ ϩ Ϫ" pattern in geopotential height anomalies dominates over the North Atlantic. Over Eurasia, strong anticyclonic anomalies locate over the Urals and a significant anomalous trough controls the East Asian climate. Inspection of the composite difference map for sea level pressure (Fig. 6b ) reveals that during positive NAULEAI years the March Atlantic subtropical high is significantly stronger than the climatological value. The March Icelandic low is also strengthened and shifts eastward. Downstream of this positive NAO-like sea level pressure pattern, an anticyclone covers the hinterland of Eurasia, extending from the Urals to the east coast of the continent. Over northeastern Eurasia, an anomalous cyclone can be found with fairly small amplitude.
Comparing Figs. 6a with 6b, it is apparent that the northern dipole over the North Atlantic and the center over the Urals display an equivalent barotropic structure, while the East Asian part of the wave train shows certain baroclinic features. To further explore the vertical structure of the NAULEA pattern, a transect across five action centers is selected. Figure 6c shows geopotential height anomalies on the transect marked by letters ABCDE in Fig. 6a . All of the five centers reach their maximum height anomalies in the upper troposphere, and significant changes can also be found in the lower stratosphere. Fig. 7 are composite differences of air temperature at 300 hPa (Fig. 7a) and over the land surface (Fig. 7b) . In the upper-tropospheric temperature field, a tripolar pattern can be found over the North Atlantic, coherent with the anomalous geopotential height shown in Fig. 6a . The high index polarity of NAULEA is characterized by a pronounced upper-tropospheric cooling over both the high-latitude and low-latitude regions of the North Atlantic with warm anomalies situated around the subtropical area. The most striking feature in the 300-hPa temperature difference between two extremes of NAULEA is a strong cooling over North China and Mongolia. This cooling matches well with the abnormal low height at 250 hPa over East Asia in the geographic distribution, which indicates that the cooling is closely linked to the eastern end of the wave train. Over the land surface, the strongest temperature change associated with the NAULEA phase transition is located over Eurasia (Fig. 7b) . During the positive phase of NAULEA, the surface air temperature of northeastern Europe increases evidently, with the maximum warming exceeding 8°C. South of the warming region, a cooling belt sits over subtropical Eurasia extending from the Middle East to the east coast of the continent. A cooling center is identified in the EPTP, with the temperature dropping more than 2°C. The transect of temperature displayed in Fig. 7c demonstrates five well-organized centers in the troposphere. Except for the warming over the Urals, which has a near-surface maximum, the other four centers have their strongest anomalies in the middle troposphere. Significant temperature changes with opposite sign are seen above the tropospheric centers. In the transect between D and E, we see a coherent cooling of the upper troposphere in North China and the lower troposphere in South China.
Shown in
The NAULEA pattern is closely related not only to the temperature anomalies over China, but also to the NAO. In those 12 strong positive NAULEA years, 9 show positive March NAO indices. Eleven years out of the 12 negative NAULEA years are characterized by a negative NAO in March. The pattern correlation be- FIG. 7 . Composite difference of the March (a) 300-hPa temperature and (b) surface air temperature between strong (greater than 0.8 std dev) positive and negative NAULEA years. The surface air temperature comes from the LSAT data. (c) As in Fig. 6c but for temperature. Regions of differences statistically significant at the 5% level are shaded.
tween the composite 250-hPa geopotential height (Fig.  6a ) and the climatological NAO pattern (geopotential height at 250 hPa regressed on the NAO index) reaches 0.621 (restricted to the region 20°-80°N, 90°W-30°E; 49 ϫ 25 grid points). Compared with the climatological NAO pattern, the high-latitude North Atlantic node in NAULEA shifts eastward. Hilmer and Jung (2000) and Peterson et al. (2003) presented evidence that the centers of action of the interannual variability of NAO have experienced a similar eastward shift around 1980. Considering the consistency in both temporal variation and spatial pattern, the NAULEA can be regarded as a NAO-related teleconnection pattern.
Two distinct NAO-related teleconnection patterns
Effects of the Asian jet waveguide in the NAO eastward extension process have been stressed in previous studies (Branstator 2002; Watanabe 2004) . As proposed by Watanabe (2004) , interannual variability of the NAO can exert notable influence on the East Asian climate by propagation of quasi-stationary Rossby waves trapped in the subtropical jet waveguide. To distinguish this subtropical path and the NAULEA, another composite analysis is carried out. The analysis of Watanabe (2004) has stated that, through the jet waveguide, the positive NAO accompanied by Mediterranean convergence anomalies can lead to increased 200-hPa meridional velocity over East Asia. Based on this fact, we examine the extreme NAO years with strong subtropical wave train effects by analyzing the meridional wind over East Asia. Figure 8 shows the composite difference between strong positive and negative NAO years associated with notable quasi-stationary Rossby wave eastward propagation. A series of anomalous meridional wind centers are found over subtropical Eurasia and the North Pacific (Fig. 8a) , which are remarkably similar in the distribution pattern with the wave train identified by Watanabe (2004) in his Fig. 3b . Comparing Figs. 7b with 8b, we get two distinct anomalous patterns. The land surface air temperature anomalies associated with the NAULEA (Fig. 7b) are mainly located over Eurasia. In positive phases of NAULEA, the temperature over South China, especially over EPTP, is abnormally low. In Fig. 8b , which shows surface air temperature anomalies accompanying the eastward propagation of quasistationary Rossby waves, a significant quadrupolar pattern around the North Atlantic is found. Cooling centers are seen over two regions: one is Greenland and northeastern Canada and the other is northern Africa and the Middle East. Europe and southern North America are warmer than normal. This quadrupolar pattern is similar to the temperature anomalies associated with the positive phases of NAO (Hurrell 1995 (Hurrell , 1996 Marshall et al. 2001 ). In Fig. 8b , strong warming is also located over northeastern Asia, which can be explained by the anomalously south wind originated from the upper-level wave train along the Asian jet (Wa- As far as the temporal variability is concerned, correlations between action centers over Eurasia are calculated. The area-averaged March temperature of two warming regions over northern Eurasia, the northwestern (50°-70°N, 0°-40°E) and northeastern (40°-70°N, 100°-140°E) regions are closely correlated (r ϭ 0.56) during 1951-99. The surface air temperature over the middle part of North Eurasia (50°-70°N, 50°-80°E) is significantly related to the temperature over the EPTP, with the correlation coefficient between them reaching Ϫ0.46. In contrast, both eastern and western parts of north Eurasia show poor correlations with surface air temperature over the EPTP (not significant at the 10% level). The temporal characteristics support the idea that there are different processes governing the NAOrelated climate changes over Eurasia.
To further solidify the existence of the two patterns of the NAO downstream extension, the 28 strong NAO years (as shown in Table 1 ) are divided into two groups. The first group contains the years when both the March NAO and NAULEA are in extreme phases (indices Ͼ 0.8 or Ͻ Ϫ0.8). These 13 years are labeled with the NAULEAI values in Table 1 . Owing to anomalously high NAULEAI, they have been included in the composite analysis shown in Figs. 6 and 7. The second group comprises 15 years marked by a blank in the NAULEAI value in Table 1 . Taking a composite analysis on those 5 positive NAO years and 10 negative NAO years in the second group, we can get the climate anomalies associated with NAO shifts but not related with NAULEA pattern. Figures 9a and 9b show the 300-hPa meridional wind and surface air temperature anomalies, which are derived from differences between those strong positive and negative NAO years in the second group. Significant similarities are found between Figs. 9 and 8. A series of abnormal meridional wind centers are presented in Fig. 9a , which are strikingly similar to the wave train shown in Fig. 8a . In Fig.  9b , we see that the surface air temperature anomalies in the second group exhibit significant warming over northern Europe, northeastern Asia, and southern North America. In contrast, strong cooling is found over northern Africa, the Middle East, and northeastern Canada. The spatial distribution of temperature changes accompanying the NAO phase transition shown in Fig. 9b resembles the features presented in Fig. 8b . The similarity between Figs. 8 and 9 shows evidence of the dominant role played by the Asian jet waveguide in the NAO downstream extension in the second group. After excluding years with strong NAULEA patterns, the NAO events exert influence on Eurasia mainly through the subtropical path.
Summary and concluding remarks
During the last few decades of the twentieth century, significant cooling has occurred in both the upper troposphere and at the surface over East Asia in March. The air temperature in the upper and lower levels vary coherently in both interannual and interdecadal time scales, which shows evidence of their sharing the same origin. Analysis of the circulation changes associated with the temperature variation downstream of the Tibetan Plateau shows that the abnormally low geopotential height over northern China is one of the action centers of a five-core wave train. The western parts of this wave train are located in the North Atlantic, shown as two meridionally oriented centers. Northeast of them, a third core stands out over the northwest of Europe. And the other two centers are found in the Urals and North China, respectively. The appearance of climate anomalies in geopotential height and air temperature over these regions indicates a teleconnection pattern linking climate variations over the North Atlantic and high-latitude Eurasia. This teleconnection pattern is named NAULEA after the locations of its footprints. An index is defined as the NAULEAI to measure the extent to which the climate over those regions are connected. Based on composite analyses, it is shown that accompanying a strong positive NAULEA pattern, significant cooling over East Asia and strong warming on the Urals tends to occur. Thus, the decadal decrease of air temperature over China can be traced upstream to the North Atlantic and attributed to the strong upward trend of the NAO index during the last few decades of the twentieth century.
Compared with the Asian jet waveguide theory, which shows that the NAO can extend its influence downstream to East Asia via the subtropical jet waveguide, the NAULEA pattern reveals a high-latitude path for signals of the NAO to reach southwestern China. It can be regarded as another NAO-East Asia teleconnection pattern. The climatic effects of these two patterns are remarkably different. Further study will focus on these two kinds of circulation patterns over the North Atlantic in previous winters, which lead to distinct early spring climate anomalies in East Asia.
